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Abstract—The air friction on small diameter filaments is explained from a sublayer description of the air
flow along the filament surface. The air friction on the filaments is expressed by the dimensionless Bingham

number, Bm, as

Bm = P(In(1+1.29Re!* Rez 1))

where P is a measure of the relative velocity drop across the sublayer. Results calculated from this formula

correspond with many experimental results and with a turbulent boundary layer calculation. This formula

also explains experimental results for heat transfer obtained with hot wire anemometers and with cylinders
in longitudinal flow.

1. INTRODUCTION

THE MELT spinning of synthetic filament yarns is an
important production process, which has been used
for 50 years. A large amount of the literature pub-
lished on this subject has partly been reviewed by
Ziabicki [1]. In the melt spinning process, shown in
Fig. 1, a suitable polymer is melted and forced through
small spinneret holes to enter the air, where it is sol-
idified by cooling. The solidified polymer flowing from
a hole is called a filament. A spinneret plate usually
has more holes. All filaments formed at the same
spinneret plate form a filament bundle, which is usu-
ally called a yarn. After solidification the yarn is pro-
vided with a spinning oil and transported to the draw-
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F1G. 1. Set-up of a melt spinning machine. The yarn force is
measured at x = 1.2, 2.0 and 6.8 m from the orifice.

ing or winding section. Transport takes place by
means of a driven roller called a godet, combined with
an idler roller. The godet with idler pulls on the yarn
at a fixed speed v. The elongation in the zone where
the polymer is hot and deformable, is determined by
the polymer speed in the spinneret hole and the vel-
ocity of the godet. As the melt spinning process is
controlled by the yarn cooling and the air friction in
the elongation zone, a thorough understanding of the
transfer processes of heat and momentum will be
necessary to improve process knowledge. An inves-
tigation into the behaviour of the boundary layer has
contributed to a better understanding of the transfer
processes. For making a reliable computer simulation
of the melt spinning process, an accurate description
of the transfer processes will be essential.

The air surrounding the filaments counteracts the
movement of the filament by air friction, leading to
an increase of pull in the yarn. The air friction on fila-
ments has been the subject of investigation of various
authors (see p. 182 of ref. [1]). Gould and Smith {2]
improved the experimental techniques and obtained
reliable results, which can be explained from the tur-
bulent behaviour of the boundary layer. Theoretical
expressions for air friction have been published by
Glicksman [3] and Mayer [4]. The procedure used by
them for the numerical calculation of the air friction
on filaments was complex and laborious and did not
result in analytical expressions. In this paper an ana-
lytical expression for air friction is derived. This
expression improves the physical insight into the
phenomenon of air friction and simplifies the model
calculations for the melt spinning process.

In our experiments we have investigated the influ-
ence of various factors on the force build-up of spin-
ning filaments. The experimental results are explained
by using a sublayer description for the air flow along
the filament. In general, with flow around large
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NOMENCLATURE
a, molecular thermal diffusivity of air Greek symbols
[m?s~1] o* coefficient of heat transfer from
a,ayA,B,a p,b,b, coefficients for filament to air  Wm™?K ]
numerical fit 0 sublayer thickness [m]
Cs coefficient of air drag Ma dynamic viscosity of air [Pas]
F, force on a single filament [N] Aa coefficient of heat conductance of air
F,, F,q force contribution due to gravity and Wm- 'K
air drag, respectively [N] Va kinematic viscosity of air, 1,/p, [m? s~ ']
g gravitational constant, 9.81 m s> p,p,  density of polymer and air, respectively
P relative velocity drop across the Ty shear tension in the air stream at the
sublayer, equation (15) wall [Pa]
r distance from the cylinder axis [m] Om mass flow or output per spinneret
R radius of the cylinder or the filament orifice [kgs™'].
[m]
t time [s] Dimensionless numbers
T, temperature of air [K] Bm Bingham number for transfer of
U, U, speed in x-direction of polymer and air, momentum, T, R/n,v
respectively [ms™'] Nu Nusselt number for transfer of heat,
Vo air speed v, on transition of sublayer a*R/4,
and boundary layer [ms~'] Pr Prandtl number, v,/a,
X distance from orifice of spinning Rey, radius Reynolds number, vR/v,
filament in axial direction [m]. Re, length Reynolds number, vx/v,

objects, the sublayer concept is used only as a bound-
ary condition for turbulent boundary layer cal-
culations because the sublayer is very thin and of
minor importance for normal flow behaviour. Since
the filaments are also thin, the sublayer thickness will
have the same dimensions as the filament diameter.
As a result the sublayer behaviour becomes decisive
for the description of the air friction. For thin filaments
it will be shown that the transfer of both heat and
momentum can be fully described by analysing the
behaviour of the sublayer.

2. EXPERIMENTAL SET-UP FOR THE
DETERMINATION OF THE AIR FRICTION

Experiments have been carried out on a spinning
machine as shown in Fig. 1. Polyethylene terephthalate
chips are melted in an extruder and fed to a spinning
pump, which meters the polymer flow to the spinneret
containing 30 orifices. The fluid polymer jets leaving
the orifices first travel through a short hot air zone
and are subsequently cooled in a blow box by a cold
air stream transverse to the filaments. Under the blow
box, having a length of 2 m, a 4 m long pipe is pos-
itioned which operates as a chute for the spinning
filament bundle. Below this pipe the filaments are
assembled on a spin finish applicator and fed to the
first godet determining the spinning speed.

2.1. Measurements

A device for measuring the yarn forces is fitted in the
spinning line at three distances from the spinneret,
namely 1.2, 2.0 and 6.8 m. The force acting on all 30
filaments is measured collectively. It has been shown

experimentally that the force is proportional to the
number of filaments in the bundle when varying the
number of orifices in the spinneret. The total force on
all filaments is called yarn force. The device for force
measurements consists of an airborne idler roller
secured to the end of a spring leaf. The bending
momentum of the roller, caused by the yarn force, is
taken over by strain gauges, amplified and recorded.
By using the airborne roller the friction on the yarn
due to the measurements will be minimal. The influ-
ence of the measurements on the running of the pro-
cess can be neglected.

In the experimental set-up the influence of various
factors on the force build-up has been investigated :
distance from the orifice, mass flow per spinneret hole,
spinning speed and the number of filaments per
bundle. As force measurements on the spinning yarn
can only be performed if the filaments have solidified,
it has not been possible, at high outputs per hole, to
carry out measurements at a distance of 1.2 m from
the spinneret.

For the determination of the output per spinneret
hole, the polymer flow is collected under the spinneret
during a certain time. By weighing the collected
amount of polymer the output is known.

2.2. Processing of experimental data

The spinning filament forms a stream tube. At
increasing spinning speed v, the filament radius R
decreases if the output per hole stays the same accord-
ing to

¢, = TR?pv. 1)
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This relationship, which is characteristic of melt spin-
ning is frequently used in this paper.

The increase in force (F,) on the solidified filament
comes from the gravity force (F,) and the air friction
(F,s) because inertia forces can be neglected in this
zone. The following balance of forces holds :

d d d

—F,+—F,=—F,.
dxFr+ dng dX ad (2)

The influence of gravity can be expressed by

d

aFg = pgnR>. 3)
Elimination of R from these equations, using equation
(1), yields

d d

bng
ol

= R @
The air friction can be characterized by a dimen-
sionless number for transfer of momentum: the
Bingham number, Bm. This is defined by the ratio
of the actual measured wall shearing stress
1, = (dF,y/dx)/(2nR) and the viscous shearing stress
(n.v/R) according to

TR 1 d

Bm = 70 = 2nn,0 dx

Fad- (5)

In the literature use is often made of the local
coefficient of friction C; which is related to the
Bingham number, Bm, and the Reynolds number, Rey

Bm = iC; Re,. ©)

The Bingham number can now be calculated from the
force measurements by eliminating F,4 from equations
(4) and (5), which leads to

1 (d g
"= 2mn,0 (dx Fo+ v ) )

For the value of the air viscosity use is made of the
following well-known approximation :

M. = (3.354+0.05T,) x 10~ 5. 8)

3. EXPERIMENTAL RESULTS

3.1. Variations in yarn force

The yarn force is found to show a statistical varia-
tion with a peak-to-peak value of about 20% of the
average value. The mean yarn force is determined
by averaging the yarn force for several minutes. The
resulting value is used for analysing the measure-
ments. The accuracy of the force measurements is
estimated to be 5% if reproduced on the same day.
Repeating the experiments at intervals of a few days
may reveal differences up to 10% of the value of this
average yarn force.

By averaging over a large number of experimental
results, acceptable correlations are found. The scatter
of the individual points may be explained from the

0.6

05

—— Bm (1.6)

0.4

03

0.2 L 1 A
0.2 0.3 0.4 0.5 0.6
—= Bm (4.4)

—_—l

FiG. 2. Influence of distance from the spinneret hole on
Bingham number.

inherent unstable character of the turbulent air layer
next to the sublayer of the spinning filament.

3.2. Distance from the spinneret hole

The yarn force is dependent on the distance to the
spinneret. From the measured yarn forces the
Bingham number is obtained with the aid of equation
(7). Bm(1.6) is the value of Bm in the blow box at
a distance of 1.6 m from the spinneret. Bm(1.6) is
calculated from the forces measured at 1.2 and 2.0 m
from the hole. Bm(4.4) is the value of Bm in the middle
of the chute. Bm(4.4) is computed from the forces
measured at a distance of 2.0 and 6.8 m from the
spinneret. In Fig. 2 the values of Bm(1.6) and Bm(4.4)
are shown together with the linear regression of these
data

Bm(1.6) = 0.062+ Bm(4.4). ©)

It is clear that the air friction decreases with increasing
distance from the orifice. This effect is important for
the theoretical explanation given below.

3.3. Spinning speed and output per spinneret hole

A higher spinning speed gives rise to an increase in
yarn force. The influence of the spinning speed on the
value of Bm is far smaller because the yarn force is
divided by the yarn speed according to equation (7).
In Table 1 the data of Bm(4.4), calculated from the
force measurements, are given for various settings of
the spinning machine. The Bingham number and the
air friction slightly increase with increasing output per
hole and spinning speed. Regression of all data from
Table 1 with a power-law relation yields the following
equation with a correlation coefficient of 0.94 :

Bm(4.4) = 3.20%%$ %22, (10)

4. THEORETICAL CONSIDERATIONS ON THE
AIR FLOW ALONG A SPINNING FILAMENT

4.1. General survey
The behaviour of the air flow along a spinning
filament can be divided into the following regimes:
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Table 1. Experimental results for the air friction on a spinning yarn bundle

& (pm) & (um)
Do v Bm(4.4) for for
(10-°kgs™) (ms™") measured P=08 P=10  Re/Re}

1.33 17 0.34 132 248 1382
1.33 30 0.33 107 205 1040
1.33 40 0.35 80 148 901
1.33 37 0.34 89 168 937
6.67 17 0.48 133 218 123
6.67 31 0.52 84 134 91
6.67 44 0.54 66 104 77
6.67 59 0.56 53 83 66
6.67 68 0.58 46 71 62
3.07 16 0.37 167 302 406
3.07 31 0.40 100 174 292
3.07 47 0.46 59 99 237
2.67 39 0.46 61 101 320
2.67 39 0.44 67 113 320
2.67 16 0.40 129 226 501
2.67 30 0.38 106 190 366
2.67 44 0.41 74 128 302
2.67 53 0.48 48 78 275
1.40 40 0.35 82 152 834
2.76 40 0.41 79 136 301

4.17 40 0.48 69 112 162
5.57 40 0.54 63 99 10S
1.40 40 0.35 82 152 834

(a) the sublayer, i.e. the air layer very near to the
surface where the flow behaviour is determined solely
by the viscous behaviour of air;

(b) the boundary layer, i.e. the layer just outside the
sublayer where viscous forces and inertia forces are of
the same magnitude ;

(¢) the free fluid flow, ie. the air flow outside
the boundary layer where viscous forces have no
influence.

For a spinning yarn the free fluid flow is determined by
the shape and dimensions of the bundle, the spinning
machine, the blow box, the settings of the machine
and the air conditioning. A general description of the
free fluid flow cannot be given.

Boundary layer descriptions are used in the litera-
ture to explain the force build-up and cooling of spin-
ning filaments. Acierno et al. {6] and Glicksman [3]
came to the conclusion that the laminar boundary
layer talculation cannot be applied to spinning yarn.
This is because the boundary layer of the spinning
filament is not laminar but turbulent.

Sublayer descriptions, however, have never been
used to explain the behaviour of spinning yarn,
although the thermal and dynamical transfer of spin-
ning filaments is strongly influenced by the sublayer
flow. A sublayer description for spinning filaments
will be developed here. The observed experimental
behaviour of spinning filaments is used to quantify
the sublayer behaviour.

4.2. Axial-symmetrical turbulent boundary layer flow
longitudinal to a long thin cylinder

Sparrow et al. [7] computed the velocity profile for
a flow longitudinal to a cylinder. Glicksman [3] used

this method for calculating the heat transfer and the
force build-up during the spinning of glass fibres. He
found a relation between the drag coefficient and the
radius Reynolds number, Re,. This calculated result
has been reproduced in Fig. 3, using equation (6)
and Fig. 3 of ref. [3]. Unlike our results, Glicksman
supposed that there was no influence of cylinder
length on air drag for Re, > 10°.

Mayer [4} computed the force build-up on spinning
filaments, starting from the general approximations
for turbulent boundary layer flow as described by
Walz [8]. Equations derived for the laminar boundary
layer flow are used by Mayer and Walz for turbulent
flow by application of experimental relations for wall
shear stress and eddy viscosity (see, e.g. equations
(3.111)-(3.114) in ref. [8)).

For the boundary condition they employed the
experimentally found universal velocity profile for the
wall region. This implies that the boundary of the
turbulent flow is formed by the sublayer and not by
the wall surface (Section 3.5.3 in ref. [8]). Using Walz’s
method, Mayer calculated the air drag and the heat
transfer for a long thin cylinder of constant diameter.
The result of his calculation is also reproduced in Fig.
3. Unlike Glicksman, Mayer predicted an influence of
the cylinder length (Re,) on the heat transfer.

For comparing the calculated results with the exper-
imental results, our results and those of Gould and
Smith are shown in Fig. 3.

The approximations of Glicksman and Mayer lead
to different results for Bm and for the influence of Re,.
This difference stems from the difference in approxi-
mations used for calculating the turbulent boundary
layer flow.
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F1G. 3. Values of Bm following from turbulent boundary layer calculations (a,b) compared with exper-
imental results (c, d) : (a) Glicksman [3], Fig. 3; (b) Mayer [4], Fig. 6; Bm depends on Re,; (x/R) = 20.000;
(c) our results at v = 40 m s~ '; (d) results of Gould and Smith [2], Fig. 11.

These calculations have the following dis-

advantages:

(a) experimental relations are required for solving
the equations; these relations are found in experi-
ments on turbulent flow under comparable con-
ditions;

(b) numerical solutions are only found for well-
defined boundary conditions;

(c) the physical explanation of the processes deter-
mining thermal and dynamical transfer is missing.

4.3. Visual investigation of the air flow in the sublayer

The importance of the viscous sublayer for the heat
transfer into turbulent shear flows was mentioned by
Prandtl [9]. The sublayer concept has played only a
qualitative role in the development of the boundary
layer theory [10]. Einstein and Li [11] visualized the
flow at the boundary and found an inherently
unsteady sublayer which periodically builds up and
disintegrates. For the turbulent flow along flat plates
the sublayer has no laminar character. This flow
character in the sublayer has been visualized by Kline
et al. [12]. The movement of bubbles is followed
photographically. Analysing their photographs Kline
et al. observed the formation of low-speed streaks
consisting of a lump of fluid which lifts up and bursts
into ejection of the low momentum fluid into the fast
moving outer region. Corino and Brodkey [13] and
Practuri and Brodkey [14] showed that the sublayer
is passive in its reaction to the penetration of coherent
structures from the turbulent boundary layer. This
passive nature originates from the viscous forces that
break the movement of coherent structures. The
coherent structures are formed at the interface of the
sublayer and turbulent boundary layer.

Within the turbulent boundary layer two flow types
can be distinguished : the turbulence generation region
and the outer region. The coherent structures formed
in the generation region penetrate into the sublayer
and into the outer region of the turbulent boundary
layer. The stochastic penetration into the sublayer
causes a stochastic reduction of sublayer thickness,
leading to an increasing air friction and yarn force.
The variations in yarn force found, can therefore be
explained by the stochastic penetration of coherent
structures into the sublayer. This model of the tur-

bulent boundary layer has been used by van Dongen
et al. [15] to predict the fluxes of heat and momentum
at the wall of a flat plate.

The spinning filament forms a small diameter cyl-
inder the sublayer of which has not been investigated
visually. According to equation (11) the difference in
shear stress between the sublayer and the boundary
layer will increase with decreasing cylinder diameter.
For small diameter cylinders the penetration of coher-
ent structures from the boundary layer into the
sublayer is more hindered by viscous dissipation and
by the necessity of acceleration during penetration
than in the case of a large diameter cylinder. So, the
sublayer flow of a small diameter cylinder will have a
more laminar character than that of a large diameter
cylinder.

In this paper the sublayer flow is therefore described
as a laminar flow, although the variation found in
the yarn forces measured can only be explained from
coherent structures disturbing the sublayer flow. The
sublayer flow will probably not have a fully laminar
character, but the frequency and intensity of the dis-
turbances are supposed to be so low that as compared
with the viscous transport, the transport of momen-
tum in the sublayer as a result of turbulence can be
neglected.

4.4. Theoretical equations for the velocity profile and
thickness of the sublayer

The velocity profile in the laminar viscous sublayer
can be calculated from the dominance of the viscous
forces and from the absence of acceleration of the
fluid. The viscous forces on cylinders concentric with
the filament surface are equal. This is expressed by
the supposition that the value of K in the following
equation will be independent of the radial distance r

do,

mrg, =K. (11

The value of K is directly connected with the value of
Bm, using equation (5) and the definition of z,,, which
leads to

= —na%Bm. (12)

Ty =

K
R
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FiG. 4. Calculated velocity profiles in sublayer (equation

(14)) and turbulent layer {7} of a spinning filament

(P =267x107% kg s7'; v=50 m s°'; Reg=33;
Bm = 0.40).

From equation (12) K is eliminated and the resuiting
equation is integrated.

The new integration constant found follows from
the extra boundary condition

for r = R. (13)

This results in the following velocity distribution of
the air flow in the sublayer:

v r
2 —-1= —B -
. 1 mln(R>

For a laminar boundary layer Sakaidis [16] found the
same velocity distribution as we found for the sublayer
next to the turbulent boundary layer. He also used
the same definition for Bm. This logarithmic velocity
profile, outside the cylinder, is formed in a way com-
parable with that of the parabolic velocity profile for
the viscous flow inside a cylindrical pipe (Poiseuille
flow). In a turbulent boundary layer flow logarithmic
profiles are often found, e.g. equation (3.1.14) in ref.
[8]. According to the graphical representation of equa-
tion (14) in Fig. 4 the velocity profile will become
negative for large r* values. This is unrealistic. To get
an impression of the real velocity profile, the turbulent
boundary layer calculations of Sparrow et al. [7} have
been applied, resulting in the velocity profile shown
in Fig. 4.

The sublayer will extend no further than the point
where the velocity profile deviates from the sublayer
velocity profile.

The sublayer will have a thickness originating from
the penetration depth of the coherent structures from
the turbulent boundary flow into the sublayer. The
interaction can be characterized by the relative vel-
ocity drop P across the sublayer defined by the air
speed v,, at the transition of the sublayer and the
turbulent boundary layer and by

P = (r—n)fo. as)
According to Fig. 4 the P values will be 0.78. Because

) ==,

(14)

C. Bos

of the approximations used the P value may vary from
0.7t01.0.

The thickness of the sublayer 4 is connected with the
relative velocity drop P and the velocity distributionin
the sublayer by equation (14). Elimination of v,, from
this equation and equation (15) results in

Bm = P(In(1+8/R))"". (16)

This equation indicates that the effect of the air fric-
tion on the spinning filament is closely related to the
thickness of the viscous sublayer, on the assumption
that the relative velocity drop P across the sublayer
has a constant value. After solidification of the yarn,
the turbulent boundary layer has been fully developed
and therefore a constant value of P seems realistic.
All parameters affecting the sublayer thickness
interact in such a way that relationships can be
obtained between dimensionless quantities. The par-
arneters influencing the Bingham number are : the dis-
tance x, the spinning speed v and the output ¢,,. The
output combined with the spinning speed determine
the yarn radius R. From these parameters the fol-
lowing dimensionless numbers can be derived: ¢/R,
x/R and Re, = v x/v,. A power-law relation between
these dimensionless numbers has the following form:

5/R = A(x/R)* Rel. (7

The influence of the distance x on Bm can be found
by substituting equation (17) into equation (16)

Bm = P(In (14 A(x/R)* Re?))~". (18)

This relationship expresses in dimensionless form the
experimentally found influences of x, R and v on the
Bingham number.

The reasoning of Prandtl {9] for explaining the simi-
larity of thermal and dynamical transfer for pipe flow,
applies equally to the sublayer flow. According to
the comparison of heat transfer and fluid friction of
Colburn mentioned by Jacob (Section (24.6) in ref.
{5]) then

Nu= BmPr'’, 19)

By substituting equation (18) into equation (19) a
sublayer expression for the heat transfer is reached.

As the thickness of the sublayer is very small
in absolute value, the velocity distribution in the
sublayer cannot easily be measured. The measuring
spot of a laser Doppler anemometer will be too large.
The sublayer around the hot wire of a hot wire anem-
ometer will strongly interact with the sublayer of the
thin filament. The sublayer model can also be checked
by comparing equations (18) and (19) with exper-
imental results for different situations.

5. FITTING OF THE EXPERIMENTAL RESULTS
INTO THE SUBLAYER MODEL

5.1. Introduction
In order to fit all experimental results into the
sublayer model a series of successive steps are used.
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(1) From our measurements on spinning yarn,
values of 4, « and f are calculated, while the P value
of 0.8 is estimated from the velocity profile of the
sublayer flow.

(2) The experimental results from hot wires are used
here to determine the values of 4, « and f on the
assumption that P = 1.0. For very small diameter cyl-
inders, the boundary layer flow becomes laminar and
the P value has to be 1.0, independent of the flow
direction. Heat transfer of hot wires applied in hot
wire anemometers, is used here. Hot wires are the
smallest diameter cylinders for which accurate results
are known. In this case the flow direction is transverse
to the wire.

(3) Experimental results for heat transfer due to a
longitudinal turbulent flow on a cylinder of 7.7 mm
diameter are fitted to the relation found from
measurements on the hot wires by adapting only the
value of P.

(4) The experimental results for spinning yarn can
also be fitted to the relation found for hot wires by
adapting only the P value. In Figs. 7 and 8 the results
are illustrated.

5.2. Fitting of our results from spinning yarn

From the experimentally found values of the
Bingham numbers in Table 1 the sublayer thickness
can be calculated by using equations (16) and (1) and
P = 0.8. This value of P is in accordance with Fig. 4,
although the choice as such is arbitrary. For larger P,
the calculated sublayer thickness will be larger. In
Table 1 and Figs. 5 and 6 the resulting values of the
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F1G. 5. Influence of the yarn speed on the sublayer thickness
for various outputs per orifice.
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Fi1G. 6. Influence of the output per orifice on the sublayer
thickness forv =40 m s~ .

sublayer thickness are given. From these data various
relationships can be found by power-law regression
for the influence of output per hole and spinning
speed. They are all of the shape

8 = Botgt. (20)

This experimental relation must coincide with the
dimensionless relation (17) for 4, thus leading to

a=1-2b, and B=05b,+b,. (#3))

Due to the large scatter in experimental values of Bm,
more values for the parameter set 4, o« and f are
possible, all fitting with the data of Table 1. The influ-
ence of distance x expressed by equation (9) must
coincide, too. This results in an extra value for (2 + f),
which is used to improve the approximations of & and
B.

The influence of distance x can easily be calculated
from the derivative d Bm/dx using equation (18). After
rearranging, it follows that :

—Bm® /R a+f

d
axbm= 140/R x

dx P

2 (@+B)
m .
X

(22)

The neglect in the last part of this equation is justified
by the value of 6/R = 5 in Fig. 4. By integration it
follows :

Bm(1.6)— Bm(4.4) = (a+ B)Bm*(3.0)In (4.4/1.6).
(23)

It is found from equation (9) that
Bm(1.6)— Bm(4.4) = 0.062.

Taking a value for Bm(4.4) in the middle of the range
of experimental values shown in Fig. 2, the value of
Bm(3.0) is calculated. Hence

Bm(3.0) = Bm(4.4)— 3(Bm(1.6) — Bm(4.4)) = 0.37.

Equation (23) yields: a+ f = 0.45.

The three experimental values of 5,, b, and (x+ f)
determine the two values of o and f, which results in
an improved fit. From the systematic investigation
into the influence of the output it follows (Fig. 6):
b, =0.18. In this set-up three settings are repeated.
Two duplicates do not fit in this systematic inves-
tigation (Fig. 6) and it can also be supposed that the
influence of the output is negligible or b, = 0. Both
possibilities will be worked out.

Suppose there is a slight influence of the output
on the sublayer thickness. The following values are
found:

by =—-0.75; b,=—0.18 and o+f=0.45.
From equation (21) it follows:
x=136; B=-093 and a+p =043

All experimental influences correspond with these
values of « and f.
If the influence of the output on the sublayer thick-
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ness is neglected, then with &, = 0 regression of the
data from Table 1 gives b, = —0.80. This yields

a=1;=-080 and a+f=0.20

This last value does not fit with the experimentally
found influence of distance x, which led to
o+ B =045

If an average value a4 f = 0.33 is taken, it follows
with b, = 0 that

B=—067.

The correlations of both possible fits with the exper-
imental data are equally acceptable. Both fits have
in common that the value of (a+f)/a = 1/3. This
common feature can be used for changing equation
(18) into

Bm = Pln(1+a,(Re,/Re}))"".

a=1;

(24)

Regression of all data of Table 1 results in a; = 0.56
and a, = 0.41, the coefficient of correlation being 0.96.

Neglecting the influence of the outputs: a, = 0.77
and ¢, = 0.33 with a coefficient of correlation of 0.95.

It can be concluded that the experimentally deter-
mined influences on the air friction are fully described
by equation (24} with P = 0.8 and by the values of
the parameters mentioned here, That the influence of
distance x, output and spinning speed coincides with
the experimentally found influences, strengthens the
credibility of this approximation. However, the choice
of P still has to be improved.

5.3. Hot wire anemometer results

In the previous part P has arbitrarily been chosen
to be 0.8. For very small diameter cylinders P will be
1.0. It is supposed that P = 1.0 for the transverse flow
along a hot wire having diameters over 5 ym and
Reynolds numbers ranging from 2 to 100. As the
thickness of the sublayer is of the order of 100 um,
the sublayer will be much thicker than the diameter
of the hot wire. Only the sublayer behaviour will be
decisive for transfer of heat. Sandborn and Laurence
[17] and Davies and Fischer [18] have performed
accurate measurements on the heat transfer from hot
wires. The Nusselt numbers, Nu, found relate to the
Bingham number, Bm, using equation (19). From
these results for hot wires it follows that a; = 1.29 and
a, = 0.33. All data mentioned can be described by

Bm = P(ln{(1+1.29Re!* Reg "))~ ". (25)

The correlation of the data with this analytical
expression is sufficient, according to Fig. 7. For this
correlation of data P is supposed to be 1.0.

5.4, Results for spinning yarn

All results for spinning yarn can also be fitted to
equation (25) by adapting the parameter value of P
(see Fig. 8).

Our experiments on a spinning yarn yield the value
P = 1.0. The turbulent boundary layer calculations

C.

Bos

L R Al T

1 T T T
o data of Sandborn & Laurence {17) Fig.b
| o data of Davies & Fischer{18) Fig17

L after correction for the numerical
value of the thermal conductivity

of air A,

— log Nu

0r Sublayer
L e approximation
b
r
-1 ! [ I i ! L
-2 -1 0 1 2 3 L 5 6

—=log (Rey/Re’y)

F1G. 7. Comparison of equations (25) and (19) with exper-
imental results on heat transfer of hot wire anemometers.

—= log Bm

a Sublayer
D/ approximation

T

+ Calculated results by Mayer (4) Fig.3
L o Experiments table 1

Gould and Smith (2) Fig.11

s} RERZAB; X RER=190;

1

-2 1 ] 1 2 3 b
~— log (Rey/Re’p)

- o Reg=510
~1 L 1
-3

Fig. 8. Comparisou of equation (25) with results for air
friction on spinning filaments.

made by Mayer also result in data fitting to this
relationship for P = 1.0.

The experimental results of Gould and Smith in
Fig. 11 of ref. [2] are rearranged to values for Bm and
(Re,/Re}). The experiments of Gould and Smith cor-
relate well with equation (25) for P =0.92. This
difference in P can be explained from the larger cyl-
inder diameters used by Gould and Smith in their
experiments. They used (Re,/Re}) values ranging
from 10 * to 4 and filament diameters from 75 to 100
um. Our experiments were carried out at (Re /Red)
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values ranging from 50 to 1000 and filament diameters
from 20 to 60 um.

5.5. Results for heated tubes

Equation (25) has also been correlated with exper-
imental results for heat transfer to air by a cylinder
with a diameter of 7.75 mm. Adomaitis et al. [19]
determined Nu, for this cylinder at Re, = 10°® and
found Nu, = 1600 (sec Fig. 5 of ref. [19]). According
to Fig. 2 of ref. [19] the value x/R = 42 for Re, = 10%;
80 Re, = 24 000. Substitution of these data into equa-
tion (25) gives Bm = 185P. From equation (19) and
Nu, = (x/R)Nuy it follows Nu, = 8630P. The exper-
imental results of Adomaitis et al. correlate with equa-
tion (25) for P =0.23. This low P value can be
explained from the large diameter of the cylinder used.
For the experiments made by Adomaitis et al. the
value of (Re,/Re}) is 10~7. This value differs strongly
from the situation with hot wires and spinning yarn.
It seems that equation (25) can be used to correlate
experimental data also for cylinders with a larger
diameter of several millimetres.

5.6. Conclusion

It has been found possible to correlate various
experimental data for transfer of heat and momentum
with equation (25).

The velocity drop P across the sublayer proves to
depend on the diameter of the cylinder. For diameters
ranging from 5 to 40 ym, P = 1.0. For diameters of
90 um, P = 0.92. For a diameter of 7.5 mm, P = 0.23.

6. DISCUSSION

As all heat flowing through the turbulent boundary
layer must first travel through the sublayer, the
sublayer behaviour will influence the transport in both
layers. For turbulent boundary layer calculations use
is normally made of the velocity profile of the
sublayer. It may be possible to simplify the turbulent
boundary layer calculations by making use of equa-
tions (25) and (17), derived here from the sublayer
concept.

The experimental results for the air friction on spin-
ning yarn can be explained also from a turbulent
boundary layer description. The turbulent boundary
layer calculation, however, requires a complex
numerical procedure, limiting general use. From the
sublayer concept an analytical expression is found
which can be applied more easily to model cal-
culations for simulating the process of melt spinning.

Different physical models are used for the cal-
culations based on the sublayer concept or the tur-
bulent boundary layer concept. As the total flow
through both layers must be equal, the result of both
calculations should be equal. Because of the simplicity
of the physical model for the sublayer, the use of the
sublayer concept is advantageous especially for small
diameter cylinders.

The sublayer is a purely viscous layer, reacting pass-

ively to coherent turbulent structures penetrating
from the boundary layer into the sublayer. The
motion of these coherent structures is broken by vis-
cous forces and deceleration. If the filament diameter
is very small, the full velocity drop takes place across
the sublayer thickness, which is expressed by P = 1.
The sublayer thickness can be expressed by a dimen-
sionless relationship (see equation (17)). The results
of experiments on filaments with diameters under 20
um can be explained with P = 1 and the following
relation :

8/R = 1.29(x/R)Re; ¥*. (26)

According to equation (26) the sublayer thickness will
be independent of filament radius R and depend only
on distance x and Re,. This experimental result sug-
gests that the sublayer thickness is solely determined
by the velocity drop across the sublayer and the dis-
tance x.
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DESCRIPTION DE SOUS-COUCHE POUR LE FROTTEMENT D’AIR AGISSANT SUR
DES FILAMENTS FINS PENDANT LE TREFILAGE

Résumé—Le frottement de I'air sur des filaments de petit diamétre est explique a partir d’une description
de sous-couche d’air le long de la surface du filament. Le frottement d’air sur le filament est exprimé sans

dimension par le nombre de Bingham Bm

Bm = P[In(1+1,29Re}"* Rez ]!

ou P est une mesure de la perte de vitesse relative a travers la sous-couche. Des calculs & partir de cette

formule correspondent a de nombreux résultats expérimentaux et 4 un calcul de couche limite turbulente.

Cette formule explique aussi des résultats expérimentaux de transfert thermique obtenus avec des fils
chauds d’anémométrie et avec des cylindres dans un écoulement longitudinal.

BESCHREIBUNG DER LUFTREIBUNG AN DUNNEN FADEN WAHREND DES
SCHMELZSPINNENS MIT HILFE EINER STROMUNGS-UNTERSCHICHT

Zusammenfassung—Die Luftreibung an Fiden mit kleinem Durchmesser wird durch Betrachtung einer
Strémungs-Unterschicht entlang der Fadenoberfliche erklédrt. Zur Beschreibung dient die dimensionslose

Bingham-Zah!

Bm = P(In (1+1,29Re!”* Re; ')~

wobei P ein MaB fir die relative Geschwindigkeitsabnahme in der Unterschicht ist. Die mit dieser

Formel berechneten Ergebnisse stimmen mit vielen experimentellen Ergebnissen und mit einer turbulenten

Grenzschicht-Rechnung iberein. Die Gleichung erklirt auch experimentelle Ergebnisse, die fur die

Wirmeibertragung an Hitzdrdhten in Anemometern und an lings angestromten Zylindern ermittelt
worden sind.

MOJEJIb NMOACTOA A VUYETA BJINSAHWUA TPEHUS BO3AYXA IIPH
BBITATUBAHUM TOHKUX HUTEN U3 PACIUIABA

AnHoTaums—BnusHue TPECHHUsA BO3JyXa Ha HHTH MaJIOTO AHAMETpa OOBACHAETCA C MOMOLIBIO MOJEH
noacjaos ANA MOTOKAa BO34YXa BAOJDb NOBCPXHOCTH HUTH. TPCHPIC BO3YyXa HaA HUTAX MOXHO ONPEAC/INTD,

Hcnosb3ys Gespa3mepHoe yucino burrama

Bm = P(In (1 + 1,29Re! Rez!))™"

roe P—Mepa OTHOCHTENIBHOIO YMEHBLLIEHHA CKOPOCTH NMONEpeK NOACAOoN. IlosydeHHBIE C IOMOLIBIO

IaHHOH GOPMYJIBI PE3YJILTATHI COTNIACYIOTCSA ¢ MHOTOYMCIICHHBIMHI SKCNIEPAMEHTAJILHLIMA JaHHBIMH M C

pacueToM TypOyJIEHTHOTO MOIPAHMYHOTO Cilos. ITa GopMysa Takke MO3BONACT OOBACHHTL IKCHEPH-

MEHTAJIBHBIC AAHHbIE N0 TEIUIOOGMEHY, KOTOPhie ObLIHM MOMyYeHbl C HCHOJIbL30BAHHEM TEPMOAHEMO-
MeTpa ¥ HHIHHAPOB MPH NPONONALHOM OGTEKaHHH.



